Introduction
K U n t s c h e r (1934) employed the strain-sensitive lacquer for the first time to investigate the mechanical characteristics of bones. This technique was then used by G u r d j i a n and Lissner (1945) , Evans and Lissner (1948) , Evans, Lissner and Pedersen (1948) , Evans and Lissner (1955) , Evans and G o f f (1957), and Endo (1961) in their biomechanical studies on the bone. The technique of strain-sensitive lacquer, i.e., brittle coat, such as STRESSCOAT (Magnaflux Corp.) is one of the useful methods to clarify the orientation of the axes of principal strain or stress in the intact bone.
It has been said that the form and the structure of the facia' skeleton are closely related to the mechanical function of the masticatory apparatus, and consequently to the distribution of stresses produced by the latter.
Accordingly, there is a need at first for an analysis of those stresses in the facial skeleton in order to study the above problem.
The present paper deals with the analysis of strains due to the above stresses by means of strain-sensitive lacquer.
For the analysis, forces were applied to macerated skulls under the approximately same condition as that of the biting action, and the axes of principal strains in the facial skeleton were visualized by the crack of the lacquer.
The results obtained from the present experiment were compared with those obtained from the experiment by means of wire strain gauge made by the present author (1964, 1965, 1966) .
Materials and Methods
The materials consisted of three macerated skulls of the adult male Japanese excluding the mandible. Two of them were cut around the skull vault to take out brains.
The cuts were glued with an adhesive cement of epoxite.
The area near the cut in the forehead was neglected in the present investigation.
The loading apparatus used in making the experiment was that .already described elsewhere (E ii d o, loc. cit.). This apparatim (Fig. 1) reproduces the static condition approximately identical with that of the actual biting action in a living body. The forces acting on the skull in the apparatus consist of those corresponding to the tension of the temporalis muscle, the tension of the masseter muscle, the compression on the mandibular fossa and the biting force occurring at an arbitrary tooth of the upper jaw. In the experiment a load of 8 kg. corresponding to the biting force was applied to the :right first molar and the right canine separately.
A strain-sensitive . lacquer named DILAR-B (Kansai Paint Co.) was used to reveal the orientation or the axes of principal strains distributed in the facial skeleton under the condition of the reproduced biting action.
This kind of lacquer is cracked in the direction orthogonal to the axis of the principal strain (namely, that of principal stress) when it is strained. Therefore, the orientation or trajectory of the principal strain can be traced by following the .direction orthogonal to the cracked line . Usually, DILAR-B has a sensitivity of 5 x 10-4. This sensitivity was not sufficient for the .strains occurring in the skull loaded in the previously mentioned apparatus.
In the present study the lacquer was used under the condition in which its sensitivity becomes about 3 x 10-'. The condition was produced by the following procedure : spray the diluted lacquer onto the facial skeleton in thin layer ; dry the lacquer for an hour in room temperature ; heat for 30 hours at 55°C in the -oven ; take out the specimen from the oven and set immediately in the loading apparatus under the light of ultra-red lamp in order to maintain the temperature ; switch off the lamp and cool with the weak wind made by a mall electric fan for five seconds ; load on the specimen quickly and then persistently ; lighten the lamp again for 20 minutes ; switch off and cool again ; take off the load quickly ; take out the specimen from the apparatus and stain the cracks of the lacquer with india ink. The experiment was repeated several times on each of the skulls.
The crack-sensitivity of the lacquer was examined with the test-pieces of aluminium by a sensitivitytester of deflection type shown in Fig. 2 .
The lacquer under the high sensitive condition is not cracked A Biomechanical Study of the Human Facial Skeleton 207 in the completely regular way by the external load, but the crack is disordered by the crazing as shown in Fig. 3 . But, if otherwise, the amount of • crack sufficient to study the subject of the present paper could not be obtained, because no stronger external load can be applied to the skull under this condition.
It was observed that the lacquer under the high sensitive. condition is cracked when a load was applied (tensile crack) and also when it was removed (compressive crack). But, it was impossible to find out the cracks on the skull set in the apparatus.
This was the reason of the loading and the unloading in the above procedure. Accordingly, the crack due to tension and that due to compression could not be distinguished.
Therefore, the cracks of the lacquer on the facial skeleton indicate only the orientation of the axes of principal strain. Under this condition the magnitude of strain could not be obtained by means of the present method.
Diagrams of the distribution of principal strains in the facial skeleton which were based on the data of the experimental study by means of wire strain gauge reported elsewhere (E n d o, loc. cit.) were newly drawn for the present study in order to compare with the crack patterns of the strain-sensitive lacquer on the surface of the facial skeleton.
The diagrams were made by the following procedure : attach small crosses showing the axes of principal strain to the measuring points on the surface of the skull along the direction of the axes ; take photographs of the skull with crosses ; draw arrows showing the magnitude and sense of principal strain on and along the crosses in the photograph ; trace the arrows and the contour of the skull on a paper. The specimen used for the diagrams was not the same as that illustrated elsewhere (E n d o, 1965 ; 1966) .
Results
In spite of the same procedure of the experiment, the conditions. of the crack of the lacquer on the surface of the skull varied to a considerable extent in all the cases in crack-sensitivity, crack-density and crazing.
The cracks of the lacquer in the facial skeleton in the present experiment do not show the exactly regular pattern as in case of the lacquer under the normal sensitivity, but are disordered to a certain extent.
Therefore, the patterns of crack were used as indicating the rough orientation of the axes of the principal strain.
In general, the cracks due to the external load were disordered in the regions in which the cortex of bone is very thin or the axes of principal strain are supposed to vary remarkably within a small region. Fig. 4 shows some of the patterns of crack on various parts of the facial skeleton.
The cracks on the facial skeleton, except those judged to be the crazing, were traced with a sharpened, soft pencil in order to obtain their distinct orientations and localities in the whole facial skeleton in the photograph.
The figures of the patterns of cracks on the whole surface of the facial skeleton illustrated in Fig. 6 were re-traced on the above mentioned photograph of the cracks.
The figures are compared with those of the principal strains in the facial skeleton (Fig. 5) which were measured by means of wire strain gauge.
As a whole, there could be found no marked contradiction between the two types of the figures with respect to the orientation of the axis of the principal strains distributed over the facial skeleton.
In the lower region of the maxilla the axes were strongly influenced by the location of the load acting on a tooth. The cracks on this region indicate the radiation of the axes of principal strain from the alveolus of the loaded tooth. The axes are thought to be those of compressive strain, judging from the Fig. 5 . In canine loading marked compressive strains run fairly vertically on the anterior part of the maxilla. Compressive strains appeared also along the ruaxillozygomatic crest. The cracks which were parallely arranged in a distinct row from the region below the medial part of the infraorbital margin to the originating region of the masseter indicate the trajectories of strain connecting the above two regions. The trajectories were thought to be the tensile ones. The same kind of row of crack can be also seen on the area from the upper part of the lateral margin of the zygomatic bone to the lateral part of the originating area of the masseter. The above two patterns were thought to indicate the tensile stresses due to the force corresponding to that of the masseter.
The patterns of the cracks seen along the orbital margin of the zygomatic bone and on the nasal root indicate compressive strains. The pattern of crack above the supraorbital margin arranged in a row obliquely from the lateral part towards the arcus superciliaris shows the trajectories of tensile strain in the same direction.
The cracks in the grabellar region are so irregular that the trajectories of principal strain cannot distinctly be assumed.
On the surface of the frontal bone there are some patterns of crack which suggest the tensile stresses due to the force correspondong to that of the temporalis muscle.
There are cracks in the areas between the hitherto described regions cracked in row, but they are fairly disordered and the axes of principal strains in these areas cannot exactly be manifested. There can be found some patterns showing the bending in the lateral orbital region, the vicinity of the sutura zygomaticomaxillaris, and the nasal root, though they are fairly indistinct.
Discussion and Conclusions
Although the pattern of the crack of the lacquer on the skull in the present experiment was somewhat irregular, it is possible to consider that the rough orientation of the axes of principal strains on the surface of the facial skeleton produced by the masticatory action could be deduced fairly well. From the above results it can be concluded that the orientation of the axis of principal strain clarified from the present study approximately reconciles with that obtained from the experiment by means of wire strain gauge (E n d o, loc. cit.).
In the present experiment the lacquer on the facial skeleton was usually not cracked in two directions which are rectangular to each other, but only in a direction, as seen in the figures of the present paper.
The cracks in two directions can ordinally be seen in case of a beam or a mechanical structure under the bending. The cracks in the present study can be thought to have been produced, in gereral, orthogonally to the direction of the axis of the maximum absolute value of the principal strain on reference to the results on the strain distribution obtained from the experiment by means of wire strain gauge.
It may be considered that the two directional cracks which must be produced in the facial skeleton were disordered by crazing.
It might be also possible that the absolutely lower value of principal strain was, in most cases, under the sensitivity of the lacquer, after the lacquer had been cracked orthogonally to the axis of the absolutely higher value. As mentioned elsewhere (E n d o, 1964 ; 1965 ; 1966) , the orientation of the axis of principal strain in the facial skeleton shows some similarities to that of the split-line reported by B e n n i n g h o f f (1925) and T app en (1953) in case of the area from supraorbital margin to the middle level of the maxilla, though the former varies to some degree according to the location of the load on the tooth. The present results also coincide with the above.
Summary
For the purpose of clarifying the orientation of the principal strains on the surface of the human facial skeleton produced by the masticatory action, an experiment was made by means of strain sensitive lacquer DILAR-B applied to macerated skulls which were subjected to a static condition approximated to that of the masticatory action.
The results obtained are shown in Figs. 4 and 6 along with the results obtained from the experiment by means of wire strain gauge illustrated in Fig. 5 . Rows of parallely arranged cracks showing the orientations of axes of principal strain appeared as follows : from the alveolus of the loaded tooth radiately upwards (compression) ; along the maxillozygomatic crest (compression) ; from the originating area of the masseter to medial part of the infraorbital region (tension) ; from the originating area of the masseter to the lateral part of the frontal process of the zygomatic bone (tension) ; on the nasal root roughly longitudinally (compression) ; in the supraorbital region obliquely (tension).. There could be found no marked contradiction between both kinds of the results with respect to the rough orientation of the axes of principal strains distributed in the facial skeleton due to the masticatory action.
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